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PART III: PCBs
Chapter 4
RELATIONSHIP BETWEEN SEDIMENT MORPHOLOGY
AND PCB CONTAMINATION IN THE ACUSHNET
RIVER, NEW BEDFORD, MASSACHUSETTS
Michael W. Morris,1§ Anita Rigassio Smith,2 Joshua Cummings,2 and Dave
Walsh3

1
Jacobs Engineering, Bourne, MA, 2Jacobs Engineering, New Bedford, MA, 3Woods Hole Group, East
Falmouth, MA

ABSTRACT
The New Bedford Harbor Superfund Site in southeastern Massachusetts includes
the shallow northern reaches of the Acushnet River estuary through the
commercial port of New Bedford and adjacent areas of Buzzards Bay. The
sediments in the harbor are contaminated with high levels of polychlorinated
biphenyls (PCBs) and heavy metals from the industrial development surrounding
the harbor. From the 1940s through the 1970s, electrical capacitor manufacturing
plants discharged PCBs into New Bedford Harbor and its estuaries. In the mid1970s US Environmental Protection Agency (EPA) sampling identified PCBs in
the river and harbor sediments greater than 100,000 mg/kg. In 1979, the
Massachusetts Department of Public Health prohibited fishing and shell-fishing
from the river and harbor due to the high levels of PCB contamination found in
the harbor and in the seafood from the area. The site was included on the
National Priorities List (NPL) in September 1983 as one of the most contaminated
PCB sites in the United States. In September 1998, after years of study and
public debate, EPA selected a cleanup remedy that involved the dredging and
containment of approximately 170 acres of PCB-contaminated sediment. The
principal goals of the project were the reduction in health risks from consumption
of PCB-contaminated local seafood and from exposure to contaminated shoreline
sediments, and the improvement of water quality in the marine ecosystem. The
§
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prescribed PCB cleanup standards for the sediment ranged from 1 mg/kg in
shoreline areas immediately adjacent to residential properties up to 50 mg/kg in
sediment in remote salt marshes not readily accessible to the public. Removal of
sediments to achieve the cleanup standards requires mechanical or hydraulic
dredging of more than 800,000 cubic yards of material. Correlation of analytical
data and sediment cores shows a relationship between the presence of PCB
contamination and distribution of the organic layer in the river. This relationship
exists because of the chemical nature of PCBs and their affinity for partitioning
into organic material. Sediment cores have been collected to define and refine the
modeled sediment removal maps and determine target depths for dredging.
Keywords: compliance depth, Z*, polychlorinated biphenyls, soil morphology,
organic matter, partitioning, precision dredging

1.

INTRODUCTION

Previous studies at the New Bedford Harbor Superfund Site have found the OL
(organic-low plasticity)/non-OL interface to be the same as the boundary of
polychlorinated biphenyl (PCB) contamination and have used this interface in the
development of site remediation limits (Foster Wheeler, 2002). The site
remediation limits in the context of dredging are referred to as the compliance
depth, and have been given the name Z star (Z*). The Z* value is assigned to
every 25-foot-by-25-foot block in the remediation area and is the depth below the
mud line where the sediment PCB levels are below the specified target clean-up
level.
Prior to dredging a particular section of the remediation area called a Dredge
Management Unit (DMU), dredge plans are produced using information from the
Z* database and pre-dredge cores. The information from the Z* database and predredge cores include target elevations based on field observations and
geostatistical modeling results. Pre-dredge cores are used to refine the Z* depths
using the visually observed OL/non-OL interface. Post-dredge cores in some
dredged areas have shown OL existing below the Z* depth which indicates that
Z* is no longer an accurate compliance depth, either due to inaccuracies in the
initial development of Z* or due to the redistribution of sediment from the tidal
and flow movement of the river that has naturally occurred since the development
of Z*. Dredging to a Z* depth that is no longer accurate has resulted in overdredging or under-dredging which necessitates re-mobilization and re-dredging in
some DMUs to remove remaining contaminated sediment.
The purpose of this investigation was to confirm that the sediment
morphology collected in “real-time” ahead of the dredge provides a more precise
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dredging strategy. Precision dredging further refines the dredge plans and guides
the dredge operation to completely remove the contaminated material while the
dredge is in place, maximizes the removal of PCBs in the DMUs, and eliminates
the need for improper set-up of the dredge areas or re-positioning the dredge
either in the current dredge season or in subsequent dredge seasons. Hydraulic
dredging in New Bedford Harbor consists of establishing a perimeter of sheet
piles around the dredge area, extending cables between the sheet piles to which
the hydraulic dredge is winched, measuring the sediment-water interface during
dredging, and adjusting the cutter head during the dredging process. These steps
are time-consuming, and accurate characterization of contaminated sediment is
crucial to cost-effective remediation.
This study examined the relationship between PCB concentration and Unified
Soil Classification System (USCS) (ASTM, 1985) soil classification and looked
at the following relationships:
•
•
•

PCB concentration and USCS soil classification
PCB concentration and soil color
PCB concentration and soil consistence

This investigation applied these relationships to sediment cores taken during
the 2010 dredging season and implemented precision dredging in the five DMUs
that were active during the season.

2.

SITE SETTING

The New Bedford Harbor Superfund Site in southeastern Massachusetts includes
the shallow northern reaches of the Acushnet River estuary south through the
commercial port of New Bedford (Figure 1) and adjacent areas of Buzzards Bay.
The sediments in the Harbor are contaminated with high levels of PCBs and
heavy metals from the industrial development surrounding the Harbor. From the
1940s through the 1970s, electrical capacitor manufacturing plants discharged
PCB waste into New Bedford Harbor both directly and indirectly via New
Bedford’s sewerage system.
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Figure 1. Aerial View of New Bedford Harbor, Facing South.

In the mid-1970s, U.S. Environmental Protection Agency (EPA)
investigations identified PCBs in both the Harbor sediments and the seafood
harvested from the New Bedford area. In 1979, the Massachusetts Department of
Public Health prohibited fishing and lobstering from the Harbor due to extremely
high levels of PCB contamination, which were found to be greater than 100,000
mg/kg in parts of the Upper Harbor. The site was included on the Superfund
National Priorities List (NPL) in September 1983 as one of the most contaminated
PCB sites in the United States.
The three areas of the site – Upper, Lower, and Outer Harbor – have been
divided based on geographical features and levels of contamination (Figure 2).
Remedial action efforts have initially focused on the most contaminated Upper
Harbor area.
In September 1998, after years of study and public debate, EPA selected a
cleanup remedy that involved the dredging and containment of approximately 170
acres of PCB contaminated sediment. The principal goals of the project were the
reduction in health risks from consumption of PCB-contaminated local seafood
and from exposure to contaminated shoreline sediments, and the improvement of
water quality in the marine ecosystem in the Harbor.
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Figure 2. New Bedford Harbor Superfund Site Location Map.
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The prescribed PCB cleanup standards for the sediment were 1 mg/kg in
shoreline areas immediately adjacent to residential properties, 25 mg/kg in marsh
areas subject to beach-combing activities, 10 mg/kg shoreline to shoreline
(subtidal area) in the Upper Harbor with the exception of beneficial salt marsh
and wetland areas, and 50 mg/kg both in remote salt marshes not readily
accessible to the public and in the subtidal areas of the Lower Harbor.
Removal of sediment to achieve the cleanup standards requires mechanical or
hydraulic dredging (Figure 3) of more than 800,000 cubic yards of material. As
of September 2010, approximately 185,000 cubic yards of sediment/material has
been removed.

Figure 3. Dredging New Bedford Harbor.

3.

BACKGROUND

The New Bedford Superfund project team used sediment morphology as a means
of defining the extent of PCB-contaminated sediment in the Harbor. Sediment
likely containing higher concentrations of PCBs is distinctive compared to the
underlying, clean sediment. In general, the contaminated sediment is darker,
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looser, and more organic than the underlying sediment, which is lighter in color,
more consolidated, and lower in organic matter content. By identifying the
sediments that met these characteristics, the New Bedford Harbor Superfund
project team was able to more precisely identify the contaminated sediment with
reduced analytical costs, develop Z*, and focus its dredging efforts.
Correlation of analytical data and sediment cores shows a relationship
between the presence of PCB contamination and distribution of the OL in the
Harbor sediment. The differences between the organic horizon and the
underlying mineral horizons are very distinctive. The OL horizon is generally
dark (5Y 2.5/1 – [black]), has a loose consistence, and has visible organic fibers
in the matrix. The underlying horizons (ML/CL) are generally coarser, have a
friable to firm consistence, and a lighter color (5Y 4/3 – [olive]). In the desanding
facility, this distinction between horizons is recognized by increased sand content
on the separator, which indicates that dredging depths have been exceeded. This
information is then communicated to the dredge operator from the desanding
facility. Sediment cores taken ahead of the dredge lanes help to refine the
location of the OL and provide a guide to the dredge operator to avoid overdredging (Figure 4).
Organic matter affects the morphology of a soil or sediment matrix and the
upper sediments in New Bedford Harbor contain significant amounts of organic
matter. This organic matter originates from plant material within and outside the
Harbor as well as organisms residing within the harbor that settle to the bottom as
organic detritus. The accumulation of organic matter or humus tends to give the
matrix dark brown to black colors. Granulation and stability of soil aggregates
are enhanced because the organics can coat the soil or mineral particles, isolate
them from the matrix and, in turn, increase the relative porosity within the matrix.
Clayey soils or sediments show reduced plasticity, cohesion, and stickiness with
the addition of organic matter. Water retention is increased and thereby addition
of organic matter content can increase both infiltration rate and water-holding
capacity. Because the organic fraction of a soil has a higher cation exchange
capacity than the mineral fraction, soils with high organic matter retain and make
available nutrient cations (potassium, calcium, magnesium, etc.). This effect also
allows the organic fraction to immobilize and retain heavy metals such as
cadmium and lead. Also, nutrients such as nitrogen, phosphorus, and sulfur are
stored as constituents in organic matter until released by mineralization (Brady
and Weil, 1996).
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Figure 4. Collecting a Sediment Core from New Bedford Harbor.

PCBs are man-made organic compounds that are not found in the natural
environment prior to the 1900s. PCBs are chlorinated oils that have a low degree
of reactivity, are not flammable, have high electrical resistance, and are stable
when exposed to heat. PCBs are well suited for use in dielectric fluids, insulators
for transformers and capacitors. Because of these properties, PCBs are difficult to
break down in the natural environment. The basic structure of a PCB consists of \
two aromatic rings with a carbon-to-carbon bond. PCBs vary by the number of
chlorines substituted in the available sites around the aromatic rings (209 possible
combinations) (Barbalace, 2003). Because of the non-polar nature of PCBs, they
tend to partition into non-polar materials (Poerschmann et al., 2000; Xing and
Pignatello, 1997). Organic matter provides a suitable medium for this
partitioning, and PCBs are generally found in the natural environment in
association with soil or sediment media with high organic matter contents (Chiou
et al., 1983, 1986; Boyd and Sun, 1990; Castro and Vale, 1995; Brannon et al.,
1998; Schorer, 1999; Jönsson and Carman, 2000; Durjava et al., 2007; Fairey et
al., 2010).
This investigation was developed to identify the morphological characteristics
of New Bedford Harbor sediments containing high contents of organic matter.
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These properties include the color, consistence, and classification of the sediment
as a means of identifying sediments with variable organic matter contents. In
addition, the PCB concentrations in these sediments are used to show that
morphological properties of the sediment can be used to identify those with a high
affinity for partitioning of PCBs.

4.

METHODS AND MATERIALS

Three field events were used for this investigation. These investigations included
sampling of sediments in New Bedford Harbor with detailed descriptions of the
sediment column and analysis of total PCBs. Studies used in the analysis
included 43 samples collected by Battelle in 2005 (Battelle, 2007), 12 samples
collected by Jacobs in 2009 (Jacobs, 2010), and 49 samples collected by Woods
Hole Group in 2009 (Woods Hole Group, 2010). Because of variability in PCB
concentration in the Harbor, particularly in the near-shore areas, the samples used
in this investigation were collected in areas where PCB concentrations were
known to be elevated. All samples were classified according the Unified Soil
Classification System (ASTM, 1985). The soils were described according to
color, texture, consistence, amount of coarse fragments, and other observations
(such as odors or sheen). Total PCBs were analyzed for each sample using EPA
method SW8082 (EPA, 2007).
The PCB concentrations in the New Bedford Harbor sediments were analyzed
using a One-Way Analysis of Variance (ANOVA) procedure. Categories
included color, consistence, and soil type. Each of the categories was divided into
two groups. For color, those that were considered “black” (ranging from 2.5Y
2.5/1 [black] to 5Y 2.5/1 [black] on Munsell Soil Color Charts [Munsell Color,
1994]) were placed into one group and those considered “gray” (ranging from
2.5Y 3/1 [very dark gray] to 5Y 3/2 [dark olive gray] were placed into a second
group. For consistence, any description of loose or soft was placed into one
group, and any description that stated consolidated, firm, or stiff was placed into
the second category. For the soil type, any USCS classification that was
considered “organic” (OL or OH [organic – high plasticity]) was placed in one
category and all other mineral horizons (ranging from CL [lean clay] to SP
[poorly-graded sand]) were placed in the second category. The ANOVA test was
performed to determine if the two groups in each category were different at the α
= 0.05 significance level. If the results were significant, it was then determined
that each group represented two different populations.
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RESULTS

There was generally good agreement between high PCB concentrations and
sediment morphology based on organic matter content. A comparison of mean
PCB concentrations between the different groups shows that there is evidence of
PCB partitioning into the organic fraction of the sediments in New Bedford
Harbor. The matrix in which the PCBs are partitioned is distinguished by its
morphological properties.
5.1

Soil Type

Soil type (USCS classification) was an adequate predictor of sediments with high
PCB concentrations. Sediment that was defined as organic had a mean PCB
concentration of 725 mg/kg in comparison to all other soil types (mean of 39.3
mg/kg) (Table 1). Figure 5 shows that there is a visual difference in the means
and the medians, however, the ANOVA (Table 2) had an F-ratio probability of
0.058, which is not significant at the α = 0.05 probability level. This is likely due
to some classification errors based on a subjective assessment of soil type. The
maximum PCB concentration in the non-organic soil category is 780 mg/kg
whereas the median value is 2.63, indicating that the mean may be influenced by
outliers due to misclassification. The three highest values of the non-organic
material were 780, 680, and 134 mg/kg with a 95 percent confidence interval of
6.76 to 71.9 mg/kg, showing that some outliers may be impacting the results of
the ANOVA. A non-parametric Wilcoxon Rank-Sum Test for soil type shows
that the median values (182 mg/kg-OL, 2.63 mg/kg-ML) were significantly
different. In general, there is relatively good agreement with identification of OL
soil type and elevated concentration of PCBs.
5.2

Color

Sediment color was the best indicator of high PCB concentrations with the darker
colors exhibiting higher concentrations. The sediments identified as “black” had
a mean PCB concentration of 306 mg/kg compared to those of a “gray” or “olive
gray” color (54.0 mg/kg) (Table 1 and Figure 6). The ANOVA shows that these
two means are significantly different at the α = 0.05 probability level (Table 2).
Therefore, color is a good predictor of high PCB concentrations in sediments.
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Table 1. New Bedford Harbor Sediment Descriptive Statistics for PCB Concentrations.
Soil Type

Source
OL
ML

Source
black
gray

Source
loose
firm

n

Mean
(mg/kg)

Median
(mg/kg)

Minimum
(mg/kg)

Maximum
(mg/kg)

40
64

725
39.3

182
2.63
Soil Color

3.62
ND

18200
780

n

Mean
(mg/kg)

Median
(mg/kg)

Minimum
(mg/kg)

Maximum
(mg/kg)

18
41

306
54.0

215
8.2
Soil Consistence

n

Mean
(mg/kg)

26
34

220
54.8

5.36
ND

2150
780

Median
(mg/kg)

Minimum
(mg/kg)

Maximum
(mg/kg)

89.0
2.46

1.42
ND

2150
780

mg/kg = milligrams per kilogram
n = number of observations
ND = nondetect

Table 2. Analysis of Variance of New Bedford Harbor Sediments.
Soil Type
Source Term
Model
Error
Total (Adjusted)
Total

Source Term
Model
Error
Total (Adjusted)
Total

Source Term
Model
Error
Total (Adjusted)
Total

df
1
102
103
104

df
1
57
58
59

df
1
58
59
60

df = degrees of freedom
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Sum of Squares
1.16E+07
3.21E+08
3.32E+08

Mean
Square
1.16E+07
3.14E+06

Soil Color
Mean
Sum of Squares
Square
7.92E+05
7.92E+05
4.93E+06
8.65E+04
5.72E+06
Soil Consistence
Mean
Sum of Squares
Square
4.04E+05
4/04E+05
5.35E+06
9.23E+04
5.76E+06

FRatio
3.68

Probability Level
0.058

FRatio
9.16

Probability Level
0.0037

FRatio
4.37

Probability Level
0.0409
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Figure 5. Mean and Median of PCB Concentrations in Sediment Classification Groups for New
Bedford Harbor Sediments.
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Figure 6. Mean and Median of PCB Concentrations in Sediment Color Groups for New Bedford
Harbor Sediments.
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Consistence

Sediment consistence was also a reliable indicator of high PCB concentration.
Sediments that were described as “loose” or “soft” had a mean PCB concentration
of 220 mg/kg whereas sediments described as “firm” or “stiff” had a mean PCB
concentration of 54.8 mg/kg. (Table 1 and Figure 6). An ANOVA on these data
show that the means of these two groups are significantly different at the α = 0.05
probability level (Table 2). Therefore, consistence can be used to predict high
concentrations of PCBs in New Bedford Harbor sediments.
250

PCB Concentration (mg/kg)

200

150
mean
median
100

50

0
Loose

Firm
Soil Consistence

Figure 7. Mean and Median PCB Concentrations for Sediment Consistence Groups for New
Bedford Harbor Sediments.

6.

DISCUSSION

PCB-contaminated sediments in New Bedford Harbor comprise more than
800,000 cubic yards that require remediation (less 185,000 cubic yards removed
by September 2010). The costs for dredging, processing, and transporting these
sediments for disposal are significant. Therefore, finding a method that
differentiates the contaminated sediment from the uncontaminated sediment is
crucial to managing effort and maintaining costs throughout the execution of the
project. For New Bedford Harbor, the morphological differences are distinct.
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The PCB-bearing sediments are darker, looser, and in some cases, finer than the
underlying clean sediment.
Mapping these sediments has been a critical part of managing PCBcontaminated deposits. Prior to commencing dredging each year, the areas for
dredging are identified based on the previous years’ progress, the PCB
concentrations in remaining DMUs, and estimated volume of material to be
dredged. The site remediation limits start with the modeled Z* value. The Z*
value was assigned to every 25-foot-by-25-foot block in the remediation area
(Figure 8) and defines the modeled depth below the mud line where the sediment
PCB levels are supposed to be below the specified target clean-up level for a
given area (Foster Wheeler, 2002).
Techniques such as coring and bathymetric surveys have been used to refine
the compliance depth in the planning stages. An example of using coring to
refine the compliance depth would be if the Z* depth was 2 feet, but pre-dredge
core analytical results indicated PCBs greater than the target clean-up level at 2.5
feet; thus, the Z* would be increased. Visual interpretations of the pre-dredge
cores were generally not used to refine Z*. Core analytical results were a reliable
but costly way to determine whether Z* needed refinement. Therefore, cores
were taken and analyzed in only select areas of the DMUs. An example of using
bathymetric surveys to refine the compliance depth would be examining a predredge bathymetric survey for drastic changes in sediment contours, interpreting
whether the contours indicated recent deposition or removal of sediment, and
applying that addition or absence of sediment to the original Z*.
Prior to the 2010 dredging season, the final dredge plan was generated using
Z*, core analytical results, and bathymetric survey results, and was not modified
once the dredge season started. In 2010, real-time cores were collected ahead of
the dredge using a piston interface corer. Visual interpretations of the cores were
used to verify or modify the compliance depth. The statistical analysis of this
study supports the use of visual interpretations for refinement of the dredge plans.
For each core collected, the visually-observed OL/non-OL interface depth was
compared to the Z* in the dredge plan. As a result, the dredge plan could be
modified throughout the dredge season.
After the 2010 dredge season, post-dredge cores will be collected. Those
results will indicate whether the real-time cores and modified dredge plans were
beneficial in precision dredging of the DMU.
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Figure 8. Example Dredge Plan.

In terms of the three criteria examined in this investigation, soil type, color,
and consistence all were effective at distinguishing the high PCB concentration
sediments from the low. Based on probabilities, the rankings of effectiveness for
these criteria are, in order, color, consistence, and soil type. The color of the
sediment was determined by Munsell Soil Color Charts (Munsell Color, 1994)
and provided a consistent measure among investigators. The soil type, as
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determined in the field, is the most subjective and least effective of the three
criteria. This would indicate that there is significant investigator variability
distinguishing these characteristics in the field.

7.

CONCLUSIONS

Three criteria – soil type, color, and consistence – provided a reliable field
measure for predicting the occurrence of sediments with high PCB
concentrations. The more contaminated sediment had black colors, loose or soft
consistence, and organic soil types. The partitioning of the non-polar PCB
molecules into the non-polar portions of the organic matrix is the likely cause for
this distinction. Sediments with lower PCB concentrations were lighter in color,
more firm in consistence, and classified as a mineral soil (ML, CL). The lack of
organic matter in these lower sediments (that generally underlie the upper OL
sediments) is the most likely reason PCB concentrations are lower in these
sediments.
The investigation and characterization of these sediment criteria have
provided a tool for helping with cost-effective management of dredge areas.
Using sediment cores in a dredge area, the remediation team can enhance the
precision of dredging by refining Z* and dredge plans. By identifying the high
PCB concentration sediment and focusing on dredging only to those depths where
high organic matter sediment occurs, the dredging operation can more precisely
focus on the contaminated sediment. This, in turn, helps reduce costs that would
be incurred from under- or over-dredging. These costs include time of dredging,
separation of sand and oversize, added weight in shipment of filter cake to the
disposal site, and remobilization. The use of precision dredging can help
maximize the efficiency by dredging only those areas that are truly contaminated.
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